A key feature of addiction to nicotine likely resides in its ability to produce subjective effects that, in turn, may be reflected in its discriminative-stimulus properties. Vaccination against such effects of nicotine offers an intriguing therapeutic approach for smoking cessation, but a reliably effective and immunologically safe vaccine remains to be identified. Here we report on the ability of SEL-068, a nanoparticle-based vaccine that targets nicotine, to modify the discriminative-stimulus effects of nicotine in a primate species. Results indicate that squirrel monkeys vaccinated with SEL-068 failed to acquire 0.1 mg/kg nicotine discrimination but readily learned to discriminate 0.001 mg/kg of the nicotinic full agonist (+)-epibatidine ((+)-EPI). After (+)-EPI training, doses of nicotine ⩾ 0.32 mg/kg, which produced behaviorally adverse actions, still failed to substitute for the (+)-EPI training stimulus in immunized monkeys, whereas (+)-EPI and the partial agonist varenicline engendered, respectively, complete and partial substitution in all monkeys with potency comparable to their potency in non-immunized subjects. In other subjects, nicotine was trained as a discriminative-stimulus and then replaced by (+)-EPI. Subsequent vaccination with SEL-068 led to a threefold and long-lasting (430 weeks) decrease in the potency of nicotine but not (+)-EPI or varenicline. Collectively, our results show that SEL-068 can block the development of nicotine discrimination and attenuate nicotine's effects in nicotine-experienced monkeys without altering the discriminative-stimulus properties of other nicotinic drugs. The difference in the vaccine's effects in naive and nicotine-experienced subjects provides important insight into the conditions under which immunotherapy may be effective in combating nicotine addiction.
INTRODUCTION
Tobacco-related diseases kill approximately 480 000 people each year in the United States alone and are a leading cause of preventable disease and premature death (US Department of Health and Human Services (USDHHS), 2014). Nevertheless, recent reports estimate that 18% (42 million) of Americans aged ⩾ 12 years still use tobacco products (US Department of Health and Human Services (USDHHS), 2014). The persistence of tobacco use in the face of overwhelming evidence of its harm is thought to reflect the highly addictive nature of tobacco constituents. Several smoking cessation and prevention strategies, including behavioral and pharmacological interventions (eg, nicotine replacement therapy, bupropion, and varenicline), are designed to primarily target nicotine's addictive properties. Unfortunately, these treatment approaches are characterized by low rates of success and disappointingly high rates of relapse in individuals who want to quit (Polosa and Benowitz, 2011) . Thus there is a considerable need for new smoking cessation treatment strategies to effectively and safely reduce tobacco consumption.
Immunotherapeutic strategies (eg, nicotine vaccines) have been prominently forwarded as alternative or adjunct treatment approaches to the use of pharmacological agents for smoking cessation (eg, Hartmann-Boyce et al, 2012; Raupach et al, 2012; Pentel and LeSage, 2014) . Effective vaccination against nicotine should promote an immune response characterized by elevated levels of antibodies that selectively identify, bind, and sequester nicotine molecules in systemic circulation outside the CNS, thereby precluding or attenuating addiction-related effects (eg, Raupach et al, 2012) . However, the development of an effective vaccine against nicotine has been challenging. Several different formulations of first-generation nicotine-targeting vaccines-entailing protein conjugate immunogens linked to nicotine or conjugated to a carrier protein and mixed with an adjuvant-have failed in clinical trials, despite preclinical data showing that they can: (a) alter nicotine's pharmacokinetic properties; (b) interfere with nicotine's abuse-related neurochemical and behavioral actions; and (c) lessen nicotine withdrawal symptoms (Carrera et al, 2004; Lindblom et al, 2002 Lindblom et al, , 2005 de Villiers et al, 2002; LeSage et al, 2006; Hartmann-Boyce et al, 2012; Raupach et al, 2012; Pentel and LeSage, 2014 ). Yet, only modest increases in quit rates have been observed in smokers with high levels of antinicotine antibodies (eg, Hartmann-Boyce et al, 2012).
Although the reasons for such failures are not certain, a frequently voiced concern has involved the inability of firstgeneration antinicotine vaccines to consistently produce a robust immune response (ie, high antibody levels) in all immunized subjects, perhaps attributable to their limited immunogenicity, affinity, and selectivity in man (HartmannBoyce et al, 2012; Pentel and LeSage, 2014) .
Recent advances in vaccine development have led to innovative second-generation nicotine-targeting vaccines that are expected to produce a more consistent immune response (and, presumably, improved efficacy) and lesser potentially adverse effects Kishimoto et al, 2012; Fraser et al, 2014; Pentel and LeSage, 2014) . Along these lines, Kishimoto and co-workers have described the development of SEL-068, a novel nanoparticle-based vaccine (tSVP) with key components recognized by the immune system to mount a strong response to a pathogen; these include a biodegradable and biocompatible polymer matrix, a synthetic TLR agonist, a novel universal T-cell helper peptide, and nicotine covalently conjugated to the nanoparticle surface (B-cell antigen; Fraser et al, 2014 ; further details regarding this vaccine are provided at http://www.selectabio. com). Interestingly, preclinical studies have shown SEL-068 to robustly and dose-dependently induce high-affinity antinicotine antibody titers in both mice and nonhuman primates Kishimoto et al, 2012; Fraser et al, 2014) . On the basis of such early observations, the development of nanoparticle-based vaccines that target nicotine has been proposed as a promising immunotherapeutic strategy for preventing tobacco consumption Kishimoto et al, 2012; Fraser et al, 2014; Pentel and LeSage, 2014) .
Notwithstanding advances in the effort to develop nanoparticle-based vaccines (Boston Business Journal, 17 June 2014; http://www.bizjournals.com/boston/blog/bioflash/ 2014/06/selecta-gets-8-1m-nih-grant-for-more-trials-of.html), there has been scant preclinical information on the effectiveness of such synthetic nanoparticle-based nicotine vaccines in preventing behavioral effects of nicotine that may be involved in initiating or relapsing to smoking behavior. The present behavioral studies were conducted to address this question by determining how a treatment regimen of SEL-068 that can be expected to produce a robust immune response also modifies nicotine's discriminative-stimulus effects, which have been related to its subjective effects in man (eg, Smith and Stolerman, 2009; Kamien et al, 1993) . Standard drug discrimination procedures (eg, Smith and Stolerman, 2009; Jutkiewicz et al, 2011; Cunningham et al, 2012; Perkins, 2009; Desai and Bergman, 2014) were employed to determine whether vaccination with SEL-068 might prevent, or when already established, attenuate nicotine's discriminativestimulus effects in nonhuman primates.
MATERIALS AND METHODS

Subjects
Eight experimentally naive adult male squirrel monkeys (Saimiri sciureus; University of Texas, MD Anderson Center, Bastrop, Texas, USA), weighing 700-900 g, served as subjects. The housing and feeding protocols for all subjects were comparable to those employed previously in our laboratory (Desai and Bergman, 2014 
Apparatus
During experimental sessions, monkeys sat in customized Plexiglas chairs (Kelleher and Morse, 1968; Desai and Bergman, 2014) that were enclosed in ventilated, sound-attenuating chambers; white noise was present at all times to mask extraneous sounds. While seated, monkeys faced a panel containing two sets of colored stimulus lights and two response levers that were comfortably within the subject's reach, one below each set of stimulus lights. Each lever-press with a force 40.2 N produced an audible click and was recorded as a response. Prior to each behavioral session, a shaved portion of the monkey's tail was secured under brass electrodes by a small stock for the delivery of brief, lowintensity stimuli (3 mA for 200 msec; current delivery). These parameters were chosen on the basis of previous research in our laboratory (Tidey and Bergman, 1998; Desai and Bergman, 2014) . The shaved area was coated with electrode paste to ensure a low-resistance electrical contact between electrodes and tail. Experimental contingencies and data collection were controlled and recorded in an adjoining room via Med Associates interfacing equipment and operating software (MED-PC, MedState Notation, Med Associates, St Albans, VT, USA).
Drug Discrimination
Experimental groups. Studies were conducted to evaluate the effects of immunization with SEL-068 on nicotine discrimination and to determine the dose-related effects of nicotine, (+)-epibatidine, and varenicline under differing experimental conditions. A detailed timeline of experimental protocols in the present study is shown in Figure 1 . Briefly, in one group of four monkeys (Group A), dose-response functions for each drug were determined, first, after subjects reliably discriminated nicotine and before vaccination with SEL-068 (2 mg per injection, s.c.; see Figure 1 for further details) and, subsequently, after subjects reliably discriminated (+)-epibatidine and after vaccination with SEL-068. In the second group of four monkeys (Group B), dose-response functions for each drug were determined after the acquisition of (+)-epibatidine discrimination, which followed both treatment with SEL-068 (2 mg per injection, s.c.; see Figure 1 for further details) and discrimination training with nicotine.
Experimental training. The subjects were divided into two groups (n = 4/group) for the present experiments. Initially, subjects were trained to press each response lever under a 10-response fixed-ratio (FR10) schedule of stimulus termination (Desai and Bergman, 2014) . Under this schedule, current delivery was scheduled to be delivered to the tail every 10 s when stimulus lights above the levers were illuminated. However, every tenth lever press or the fourth current delivery turned off the illuminated stimulus lights for a 50-s timeout period (TO 50 s). After initial training, subjects typically completed the response requirement within several seconds after the stimulus lights were first illuminated, thus turning them off and beginning the TO 50 s without the delivery of current. Once stable performance was established on both response levers under the FR10;TO50 s schedule, drug discrimination training was initiated. Subjects underwent two phases of training to discriminate intramuscular (i.m.) injections of saline from i.m. injections of nicotine or, as a structurally distinct but pharmacologically similar substitute, (+)-epibatidine. (+)-Epibatidine, a potent and selective α4β2 nicotinic receptor agonist, previously has been shown to produce discriminative-stimulus effects that are comparable to those of nicotine (Damaj et al, 1994; Desai and Bergman, 2014) . During initial training (24 sessions), only one of the two levers, the injection-associated lever for that day, was accessible to the subject, and the type of injection (drug (D) or saline (S)) generally followed a doublealternation schedule (SS-DD-SS-DD). Thus, on days when drug (0.18 mg/kg nicotine or 0.0018 mg/kg (+)-epibatidine) or saline was injected before the session, the completion of 10 consecutive responses on the accessible lever was reinforced. During subsequent training (Session 25 onwards), experimental contingencies were identical to those during the initial 24 behavioral sessions, with the exception that both response levers were accessible to the subject in all sessions.
The assignment of drug-and saline-associated levers was counterbalanced across monkeys. During training session in which both levers were available, a response on the incorrect lever (for that day's injection) reset the FR response requirement on the correct lever to 10; this program feature discouraged indiscriminate responding on both levers. When stable discrimination performance was achieved across daily training sessions (ie, after four consecutive sessions in which 490% of responses were on the injection-associated lever), the training dose of nicotine or (+)-epibatidine was reduced to 0.1 or 0.001 mg/kg i.m., respectively, and a double alternation schedule of presession injections was continued for all subsequent training sessions (eg, for nicotine: saline-nicotine-nicotine-saline-etc; for (+)-epibatidine: saline-(+)-epibatidine-(+)-epibatidine-saline-etc).
During this terminal portion of discrimination training and thereafter, all training sessions consisted of 10 presentations of the FR10;TO 50-s schedule, preceded by a 10-min TO period during which saline or drug (nicotine or (+)-epibatidine) could be administered. Training sessions continued until all subjects met criteria for stability, ie, 490% of responses on the injection-associated lever in the first FR and overall during both the preceding training session and four of the last five training sessions. Thereafter, test sessions were conducted when subjects met the above criteria for stability in two consecutive alternating (S-D or D-S) training sessions. Injections of a test drug or saline were administered at the beginning of the 10-min TO periods preceding test sessions. Test sessions were identical to training sessions, with two Figure 1 Timeline of experimental protocols in two different groups of squirrel monkeys. Group A: Subjects were trained to identify 0.1 mg/kg nicotine as a discriminative-stimulus using the procedures described in Methods section. Once subjects met criteria for successful nicotine discrimination, the dose-related effects of nicotine, (+)-epibatidine, and varenicline were determined. Subsequently, 0.001 mg/kg (+)-epibatidine replaced 0.1 mg/kg nicotine as the training drug, and the vaccination protocol similar to the one used in Group B (see below) was initiated in all subjects. After criteria for discrimination performance were again met, test sessions with nicotine were conducted once a week for up to 30 weeks to determine whether the previously recognized training dose of nicotine (0.1 mg/kg) substituted for (+)-epibatidine's discriminative-stimulus effects. After 0.1 mg/kg nicotine failed to serve as a discriminative-stimulus, doseeffect functions for the ability of nicotine, (+)-epibatidine, and varenicline to substitute for (+)-epibatidine were determined in all subjects. Group B: All subjects were treated with subcutaneous (s.c.) injections of 2 mg of SEL-068 on four separate occasions (indicated by m). During this time, all subjects were trained to respond under the FR10 schedule of stimulus termination (without exposure to nicotine or other drugs) in preparation for later nicotine-discrimination training. Next, the acquisition of nicotine as a discriminative-stimulus was studied in each subject as described in Methods section. All subjects received a fifth s. c. injection of 2 mg of SEL-068 once both levers were available (ie, after 24 sessions). If acquisition of 0.18 mg/kg nicotine as a discriminative-stimulus was not evident within 57 behavioral training sessions (ie, 33 training sessions: 24 single lever sessions+33 sessions after both levers are available, the time frame that was established for successful acquisition of nicotine discrimination in Group A), 0.0018 mg/kg (+)-epibatidine was substituted for nicotine as the training drug. A sixth injection of 2 mg of SEL-068 was administered to all subjects before the start of training with 0.0018 mg/kg (+)-epibatidine. Subsequently, the protocol for discrimination training was repeated with (+)-epibatidine as the training drug. Once subjects met criteria for testing, studies with nicotine, (+)-epibatidine, and varenicline were conducted.
exceptions: first, 10 consecutive responses on either lever turned off all stimulus lights and programmed consequences and, second, the current generator was turned off to preclude responding elicited by electric stimuli during testing. Studies were conducted as described above under experimental groups as shown in Figure 1 . Varenicline (6,7,8,9-tetrahydro-6,10-methano-6H-pyrazino [2,3-h] [3]benzazepine) was generously donated by Dr Hans Rollema from Pfizer Global Research and Development (Department of Neuroscience Biology, Eastern Point Road, Groton, CT 06340, USA; present address: Rollema Biomedical Consulting, Mystic, CT, USA). Doses of nicotinic agonists and drug preparation procedures were based on previous studies in our laboratory (Desai and Bergman, 2014) . All drugs were dissolved in 0.9% saline and were administered by i.m. injection. The pH of nicotine and varenicline were adjusted as needed to 7.0 with 0.1 N sodium hydroxide. A full range of doses of nicotine (0.0032-0.32 or 0.56 mg/kg, i.m.), (+)-epibatidine (0.000032-0.001 mg/kg, i.m.), and varenicline (0.01-0.18 mg/kg, i.m.) were studied in Group A and B subjects as described above. Doses of each drug are expressed in terms of the free base. The nanoparticle-based vaccine, SEL-068, was provided by Selecta Biosciences (Watertown, MA, USA). On immunization days, SEL-068 was freshly prepared for the s.c. delivery of a 0.3 ml solution containing 2 mg SEL-068.
Drugs and Dosing Procedures
Data Analysis
The percentage of responding that occurred on the drugassociated lever during a session was calculated by dividing the number of responses on that lever by the total responses on both levers. Response rates were calculated for each session by dividing the total number of responses by the duration of the session minus timeout periods. If the mean response rate in a session was o0.2 responses/s, data from that session were excluded from further analysis. Mean results for vehicle and each dose of a drug were calculated by averaging data of the four subjects within that group. Substitution profiles for test drugs were defined for individual subjects and for the group of subjects as full ( ⩾90% drug-associated lever responding), intermediate (31-89% drug-associated lever responding), and absent (o30% drugassociated lever responding) (Desai and Bergman, 2014) .
When appropriate, a two-way repeated measures analysis of variance (ANOVA) with treatment and time as factors followed by Dunnett's t-test or a paired t-test was used to evaluate statistical significance of averaged data for percentage of drug-associated lever responding and response rates (defined at the 95% level of confidence; Po0.05; GraphPad Prism 5.02, GraphPad Software, La Jolla, CA, USA). All results of statistical analyses are shown in the figure legends.
RESULTS
Nicotine Discrimination Before and After Immunization with SEL-068
The acquisition of discriminative-stimulus control by 0.1 mg/kg nicotine prior to vaccination with SEL-068 (Group A) is shown in Figure 2 (left panels). Discriminative-stimulus control by 0.18 mg/kg nicotine developed quickly, evident in a clear separation in the distribution of behavior after the injection of 0.18 mg/kg nicotine (≈50% drug-lever responding) and vehicle (≈20% drug-lever responding) within the first several discrimination training sessions once both response levers were available (ie, after 24 sessions; Figure 2 , top left panel). The ability to discriminate 0.18 mg/kg nicotine from injections of vehicle gradually increased across subsequent training sessions, with all four subjects responding exclusively on the injection-appropriate lever after approximately 47 training session (0.18 mg/kg nicotine ⩾ 90% drug-lever responding; vehicle ⩽ 10% drug-lever responding; Figure 2 , top left panel). Once individual subjects met criteria for stability (see Methods section), the training dose of nicotine was reduced to 0.1 mg/kg. All monkeys again met criteria for nicotine discrimination within the next 10 training sessions (during training sessions 51 to 57; Figure 2 , top left panel).
Rates of responding for all subjects increased steadily over the course of discrimination training, which is reflected in the mean data for the group of monkeys (average of sessions 25-35 response rate: nicotine = 1.82 ± 0.16, saline = 1.83 ± 0.16; average of sessions 47-57 response rate: nicotine 3.14 ± 0.13, saline = 2.76 ± 0.13; Figure 2 , bottom left panel). Mean rates of responding after injections of nicotine did not differ consistently from mean response rates after vehicle injection over the course of nicotine-discrimination training (Figure 2 , bottom left panel).
The effects of nicotine-discrimination training in subjects after vaccination with SEL-068 (Group B) are shown in Figure 2 (right panels). These data indicate that vaccinated subjects, unlike non-vaccinated subjects (Group A), failed to acquire the discrimination of 0.18 mg/kg nicotine from vehicle. Thus, injection-appropriate responding in vaccinated subjects remained at approximately chance levels over the course of approximately the same number of training sessions as in compare 
(+)-Epibatidine Discrimination After Vaccination with SEL-068
SEL-068-treated subjects (Group B) that did not learn to discriminate 0.18 mg/kg nicotine from vehicle developed reliable and robust (+)-epibatidine discrimination (Figure 3,  top panel) . Although approximately a dozen more sessions were required to fully meet criteria for discrimination of the training stimulus in experiments with (+)-epibatidine than nicotine (64-69 vs 51-57), the overall patterns of acquisition of discriminative-stimulus control by (+)-epibatidine (Group B) and nicotine (Group A) were similar. As with nicotine, stimulus control following injections of the initial training dose of (+)-epibatidine developed relatively quickly once both levers were made available (in approximately 30 training sessions) and nearly exclusive selection of the injection-appropriate lever was observed in all four subjects after approximately 58 training sessions (compare Figures 2 and 3) . After the training dose was reduced to 0.001 mg/kg (i.m.) (+)-epibatidine, all subjects were able to consistently discriminate between (+)-epibatidine and vehicle within an additional 6-10 sessions, ie, after a total of approximately 64-69 training sessions (Figure 3, top panel) .
During the acquisition of nicotine and (+)-epibatidine discrimination, mean response rates after injections of nicotine and (+)-epibatidine were not significantly different (ie, approximately 2.5-3 responses/s, respectively; Figure 3 , bottom panel). As with nicotine, mean response rates after injections of the training dose of (+)-epibatidine or vehicle were not significantly different (3.79 ± 1.72 vs 4.45 ± 0.65; Figure 3 , bottom panel), albeit response rates after (+)-epibatidine appeared somewhat lower than after vehicle (Figure 3, bottom panel) .
Loss of Nicotine Discrimination After Immunization with SEL-068
The effects of periodic substitution tests conducted with 0.1 mg/kg of nicotine in all Group A subjects during treatment with SEL-068 over the course of 30 weeks are shown in Figure 4 . Results show that injections of (+)-epibatidine (0.001 mg/kg) reliably maintained discriminativestimulus control in all subjects throughout these studies (Figure 4 , top panel) and that 0.1 mg/kg of nicotine fully substituted for (+)-epibatidine through the first 7 weeks of the regimen. However, approximately 7 weeks after SEL-068 treatment began (ie, after two injections of SEL-068), the mean percentage of drug-lever responding decreased slightly below criterion levels for complete substitution to approximately 80% (Figure 4 , top panel, filled circles). Nicotine discrimination decreased further to approximately 30-70% drug-lever responding following two additional injections of SEL-068 between weeks 19 and 22 (Figure 4, top panel) . This effect was due to decreases in nicotine discrimination in three of the four subjects. For example, the average value for nicotine discrimination in week 20 was approximately 28% drug-lever responding, reflecting two subjects at 0%, one subject at 10%, and one subject in which drug-lever responding remained at 100%. Despite some later recovery, nicotine discrimination was substantively decreased in this group of subjects for the remainder of the present Figure 2 Group A, left top and bottom panels: Acquisition of stimulus control in a group of four squirrel monkeys trained to discriminate 0.1 mg/kg nicotine from vehicle (saline; Group A). Abscissae: number of training session once single lever training was completed (1-24) and both levers were available (session 25 onward; ie, 33 training sessions: 24 single lever sessions+33 sessions after both levers are available). Ordinates: effect shown as the percentage of lever-press responses occurring on the nicotine-lever (top) and response rates (bottom) following injections of nicotine or vehicle. The horizontal dashed line at 90% nicotine-lever responding (top left panel) indicates the criterion for evidence of discriminative-stimulus control. Each point represents the mean value and the standard error of the mean (SEM). The dose of nicotine (i.m.) was reduced progressively from 0.18 to 0.1 mg/kg in individual subjects when they met criteria (see Methods section). ANOVA confirmed significant main effects of drug treatment ( 
Substitution Tests with Nicotinic Agonists
Results from dose-response determinations conducted in non-vaccinated subjects (Group A) following acquisition of 0.1 mg/kg nicotine discrimination are shown in Figure 5 . Prior to treatment with SEL-068, both 0.1 mg/kg of nicotine and 0.001 mg/kg of (+)-epibatidine fully substituted for the training dose of nicotine ( Figure 5 , open symbols, top right and left panels, respectively). The nicotinic partial agonist, varenicline, also substituted for the training dose of nicotine; however, the highest doses of varenicline (0.1 and 0.18 mg/kg) produced only intermediate levels of responding on the nicotine-associated lever ( Figure 5 , open symbol, top middle panel). Upon completion of dose-response determinations, the training drug was switched from 0.1 mg/kg nicotine to 0.001 mg/kg (+)-epibatidine, and all subjects were treated with SEL-068 following the vaccination protocol described above (see Methods section). Doseresponse redetermination between weeks 19 and 29 (ie, when 0.1 mg/kg nicotine discrimination was decreased) showed that the substitution profiles of (+)-epibatidine and varenicline were unchanged ( Figure 5 , half-closed symbols, left and middle panels, respectively). However, the doseresponse curve for nicotine was shifted rightward by approximately threefold. Thus subjects no longer identified 0.1 mg/kg nicotine as a discriminative-stimulus, and full substitution for (+)-epibatidine was evident only after the higher dose of 0.32 mg/kg nicotine in all subjects ( Figure 5 , half-closed symbols, right panel). The effects of (+)-epibatidine, varenicline, and nicotine were also determined in vaccinated subjects that were trained to discriminate 0.001 mg/kg (+)-epibatidine from vehicle after they failed to acquire 0.18 mg/kg nicotine discrimination (Group B). Results show that (+)-epibatidine and varenicline produced, respectively, full and intermediate levels of substitution for the (+)-epibatidine training stimulus, with potencies and effectiveness that were similar to those in Group A ( Figure 5 , filled triangles, left and middle panel, respectively). In contrast, the effects of nicotine differed from its effects in unvaccinated Group A subjects ( Figure 5 , filled triangles, right panel); in two or three monkeys, doses of nicotine up to 0.32 or 0.56 mg/kg did not fully substitute for the training stimulus. However, as in previous studies, these higher doses of nicotine produced emesis, precluding further increases in dose in these experiments ( Figure 5 , right panel; Desai and Bergman, 2014) .
DISCUSSION
The present studies were conducted to determine whether SEL-068, a second-generation synthetic nanoparticle-based nicotine-targeting vaccine, could modify the discriminativestimulus effects of nicotine in a primate species. Results indicate that, consistent with previous nicotine discrimination studies in laboratory animals (Desai et al, 2003; Jutkiewicz et al, 2011; Cunningham et al, 2012; see Smith and Stolerman, 2009 for review), non-immunized squirrel monkeys readily learned to discriminate 0.1 mg/kg nicotine from vehicle. However, monkeys vaccinated with SEL-068 failed to acquire the discrimination of 0.1 mg/kg nicotine. Moreover, after the training drug was changed to the pharmacologically similar but structurally distinct α4β2 nicotinic agonist (+)-epibatidine (Damaj et al, 1994) , monkeys readily learned to discriminate 0.001 mg/kg (+)-epibatidine from vehicle. These findings suggest that the failure of vaccinated monkeys to acquire nicotine discrimination was due to previous treatment with the nicotine-targeting vaccine SEL-068 and that the protective effects of SEL-068 are highly specific for nicotine. This idea is further supported by observations that treatment with SEL-068 diminished nicotine's, but not (+)-epibatidine's, discriminative-stimulus effects in monkeys that were trained to discriminate nicotine from vehicle prior to vaccination. In this latter group, three of the four subjects failed to reliably identify the previously recognized training dose of 0.1 mg/kg nicotine for up to 30 weeks following initial treatment with SEL-068. Taken together, our results indicate that immunization with SEL-068: (a) prevented the development of nicotine discrimination in nicotine-naive monkeys; and (b) attenuated the discriminative-stimulus effects of nicotine in nicotineexperienced monkeys. These findings provide the first Figure 5 Effects of (+)-epibatidine, varenicline, and nicotine before (open symbols) and after (half-closed symbols) SEL-068 treatment in four squirrel monkeys (Group A) that were initially trained to discriminate 0.1 mg/kg nicotine from vehicle (ie, before SEL-068 treatment) and subsequently trained to distinguish between 0.001 mg/kg (+)-epibatidine from vehicle (ie, during SEL-068 treatment). Dose-response curves for (+)-epibatidine, varenicline, and nicotine determined in squirrel monkeys (Group B) that failed to acquire 0.18 mg/kg nicotine but not 0.001 mg/kg (+)-epibatidine discrimination after immunization with SEL-068 are also shown (fully closed symbols). Ordinates: percentage of drug-lever responding. Abscissae: V = vehicle; TD = training dose; drug dose in mg/kg (log scale). Each point represents the mean ± SEM of data from all four subjects tested at each dose. The horizontal dashed line at 90% drug-lever responding indicates criteria for complete substitution with a dose of a test drug. During control sessions, the nicotinic agonist training dose (Group A: nicotine or (+)-epibatidine; Group B: (+)-epibatidine) produced 490 responding on the drug-associated lever in both Group A and B subjects and injections of saline engendered ⩽ 3.7% responding on the drug-associated lever.
preclinical evidence in a primate species that synthetic nanoparticle-based vaccines that target nicotine can modify stimulus effects of nicotine that may contribute to smoking behavior.
The present results with SEL-068 are consistent with previous findings showing that earlier nicotine-targeting vaccines can effectively: (a) attenuate nicotine's discriminative-stimulus and reinforcing properties; (b) lessen nicotine's withdrawal effects; and (c) influence nicotine's pharmacokinetic properties (eg, Carrera et al, 2004; Lindblom et al, 2002; 2005; LeSage et al, 2006; Raupach et al, 2012; Pentel and LeSage, 2014) . However, such promising preclinical evidence has not yet led to the introduction of immunotherapy that can effectively reduce human tobacco consumption, maintain or enhance long-term smoking cessation, or prevent relapse. In clinical trials, only modest increases in quit rates have been observed in smokers with relatively high levels of antinicotine antibodies, and no effect was observed in smokers with relatively low antibody levels (Raupach et al, 2012; Hartmann-Boyce et al, 2012; Pentel and LeSage, 2014) . The reasons for this lack of success are uncertain but have been attributed to the absence of a consistently and sufficiently robust immune response (ie, high antibody levels) due to insufficient dosing as a result of study design, safety issues, or variability in response among individual subjects (eg, Raupach et al, 2012; Hartmann-Boyce et al, 2012; Pentel and LeSage, 2014) . Phase 1 clinical trials with SEL-068 are currently underway, and at present, it is unknown whether such considerations may also limit the clinical effectiveness of novel nanoparticle-based vaccines for smoking cessation.
Although antibody titers were not obtained in the present experiments, earlier preclinical studies in mice, rhesus monkeys, and cynomolgus monkeys have shown that vaccination with a comparable dose of SEL-068 (⩾2 mg) every 2 weeks (mice) or 4 weeks (monkeys) consistently produces a strong and selective immune response, evident in the persistent and long-term detection of high-affinity antinicotine antibody titers, particularly after the second and third immunizations (eg, α-nicotine IgG EC 50 levels ⩾ 10 4 in both mice and monkeys; Pittet et al, 2012; Kishimoto et al, 2012; Fraser et al, 2014) . It is tempting to conclude that such high-affinity antinicotine antibodies following immunization with SEL-068 were responsible for preventing or attenuating nicotine's discriminative-stimulus effects in the present studies. Nevertheless, this interpretation must be viewed cautiously in view of some individual variability in the attenuation of nicotine's effects among vaccinated subjects and in the absence of additional data showing both that SEL-068 can induce a robust immune response in squirrel monkeys and that the level of behavioral response is proportional to the immune response. Moreover, it is yet to be determined whether such promising effects observed with SEL-068 in preclinical studies, eg, high antibody titers across different species Kishimoto et al, 2012; Fraser et al, 2014) and blockade of nicotine's discriminative-stimulus effects in monkeys (present results), can be successfully translated to the clinical setting. Notwithstanding these caveats, novel synthetic nanoparticlebased nicotine-targeting vaccines may offer important advantages over first-generation immunotherapies for smoking cessation. In particular, unlike earlier antinicotine immunotherapies, nanoparticle-based vaccines such as SEL-068 are self-assembling particles (tSVP) comprising components that can be modified to perhaps further improve vaccine effectiveness Kishimoto et al, 2012; Fraser et al, 2014) . The adjustable features of a nanoparticle vaccine such as SEL-068 are a promising development in nicotine-targeting immunotherapeutic strategies for preventing tobacco consumption (Pentel and LeSage, 2014) .
The present results offer some important insights for the continued development of effective nicotine-targeting vaccines. First, multiple immunizations (at least three to four) of SEL-068 were necessary to effectively diminish the effects of nicotine in nicotine-experienced subjects, suggesting that the steady increase in antibody levels eventually achieved a concentration that sufficiently blocked the discriminative-stimulus effects of nicotine. These findings further illustrate the importance of the dose-response relationship in evaluating the effectiveness of vaccine strategies and suggest that, when permissible, clinical study designs should incorporate multiple dosing strategies to achieve antibody titers that may realistically be effective (Hartmann-Boyce et al, 2012) . A second concern in evaluating novel vaccines is their safety. Although the present studies were not designed to evaluate the possible adverse effects of SEL-068, it is worth noting that untoward reactions following multiple s.c. injections of the vaccine were not observed in any subject, eg, no changes in body weight, adverse effects at injection site, or changes in overt behavior were observed. Finally, although the prevention of nicotine's discriminative-stimulus effects in laboratory animals may serve as a useful preclinical indicator of a treatment's ability to block nicotine's interoceptive stimulus effects in man, multiple factors govern tobacco addiction (eg, pharmacological properties of multiple tobacco constituents; complex interplay between neurobiological, genetic, environmental, and social factors) and likely influence the overall efficacy of antinicotine vaccines (Pentel and LeSage, 2014) . Such considerations do not undermine the view that antinicotine vaccines may be clinically useful, but they do emphasize the complex challenge of reducing nicotine addiction (Pentel and LeSage, 2014) .
Perhaps one of the most important features of the current findings is the difference in the effectiveness of SEL-068 against nicotine in subjects that received the vaccine during or after training to discriminate the nicotinic agonist (+)-epibatidine and those that were vaccinated before they were trained to discriminate either nicotine or (+)-epibatidine. SEL-068 treatment attenuated, but did not eliminate, the interoceptive effects of nicotine in subjects that were trained to discriminate (+)-epibatidine, whether or not they previously had been trained to discriminate nicotine. This was especially clear in subjects that previously had been trained only with (+)-epibatidine; nicotine failed to substitute fully for the training stimulus even up to doses of nicotine that produced clear evidence of nicotinic physiological effects (eg, emesis following 0.56 mg/kg). It is noteworthy that nicotine could not be established as a discriminativestimulus in any of the subjects that underwent the same regimen of vaccination prior to any discrimination training. In contrast, the discriminative-stimulus effects of the full ((+)-epibatidine) and partial (varenicline) nicotinic agonists were comparable across all subjects in all conditions in which they were tested. These differing effects of nicotine, but not other nicotinic drugs, following comparable regimens of SEL-068 treatment suggest that the degree to which SEL-068 treatment attenuated the behavioral effects of nicotine depended on the previous history of exposure: SEL-068 treatment was least effective in subjects that initially were trained to discriminate nicotine from vehicle and most effective in subjects that had not previously learned to discriminate the effects of nicotine. Although higher doses of SEL-068 or a more intensive treatment regimen possibly may have fully blocked nicotine's discriminative-stimulus effects even in subjects that previously had learned to discriminate nicotine fully, these findings illustrate the different degrees of difficulty in preventing the recognition of nicotine's discriminative-stimulus, and perhaps subjective, effects in experienced and naive subjects.
In summary, our results indicate that treatment with the novel nanoparticle-based vaccine SEL-068 selectively prevents the development of nicotine's discriminative-stimulus effects in nicotine-naive monkeys and produces long-term and substantive reductions in the discriminative-stimulus effects of the training dose of nicotine in nicotine-experienced monkeys. These findings provide markedly strong evidence that the ability of SEL-068 to attenuate or block the effects of nicotine in nonhuman primates is highly selective for nicotine among nicotinic agonists. Moreover, the data further suggest that the degree of nicotine inactivation that is necessary for successful treatment with vaccines against nicotine may differ according to clinical end point. Thus, although the merits of vaccination as a preventive measure are extremely controversial, the present results suggest that antinicotine vaccines may be most effective for this purpose in naive individuals or, more cautiously, may be useful in preventing relapse during long-term abstinence in tobacco users. In experienced tobacco users, however, the same vaccination regimen may not be fully effective in preventing nicotine's actions and the possibility that more limited effects may lead to increased smoking as compensatory behavior, while previously discounted, (Raupach et al, 2012; Hartmann-Boyce et al, 2012; Pentel and LeSage, 2014) still must be considered in evaluating the clinical efficacy of this strategy. Possibly, a combination treatment strategy, ie, nanoparticle-based nicotine vaccine together with a nicotinic partial agonist such as varenicline or antagonist such as mecamylamine, might more effectively prevent the addiction-related effects of nicotine among experienced tobacco users. Such a view is bolstered by a recent study which showed that mecamylamine combined with an earlier nicotine-targeting vaccine can: (a) synergistically attenuate the discriminative-stimulus effects of nicotine in rats and (b) enhance the efficacy of nicotine vaccines in preventing nicotine's stimulus properties (LeSage et al, 2012; Pentel and LeSage, 2014) . The extent to which this approach may be more effective than currently available pharmacotherapies in promoting smoking cessation among experienced smokers is important and deserves further attention.
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